Abstract: Plastic Ball Grid Array (PBGA) one of the most important electronic packaging methods, is widely used in aeronautical industry field. According to the JEDEC standard, shock tests of PBGA assemblies are conducted under different loading conditions. Several important parameters, such as the fatigue life of PBGA assemblies, the relationship between solder joint positions and fatigue life, the relationship between strain energy density and fatigue life, are analyzed based on experiment results. The failure modes of PBGA assemblies are studied by optical microscope (OM). The results show that during the shock tests, the strains of the solder joints near the center of the specimen are larger than other positions, and these solder joints are prone to form micro cracks. With the increase of the shock times, these micro cracks extend rapidly which will eventually cause the failure of the PBGA electronic packaging.
Introduction
Ball Grid Array (BGA) Package technology is one of the most important and popular electronic packaging methods in the modern electrical and aeronautical industry field and it has many advantages such as good heat matching, low costs, good electrical properties, etc. [1] . During its usage period in the aircraft, mechanical shock loading is very common, the research on reliability under shock loading is very important for avionics electronic products.
Early attention to the reliability problem of microelectronics packaging under thermal and mechanical shock loading is designated to foreign communications companies such as Motorola, Lucent technologies. Wu and Song [2] studied the drop shock influence on communication products by means of experiment and simulation. Goyal and his colleagues of Lucent technologies studied the drop shock influence on thin-walled shell phone by a drop shock test and found that cell phone shell stiffness was insufficient under the action of shock loading, and components were prone to crack, and the shape and size of the mobile phone's effects on component failure were extremely significant [3] . In order to simulate the product process more realistically, Goyal and Buratynski [4, 5] proposed a new drop testing instrument. Ong Y C studied drop shock testing on the Nokia 3210 mobile phone in the product level and board level [6] . Tong Yan Tee and Jing-en Luan proposed Input-G model in the board-level drop simulation [7] [8] [9] [10] . Desmond Y R compared the shock resistance of PBGA (plastic ball grid array), VQFN (very thin quad flat no-lead), and PQFP (plastic quad flat pack) packaging components, and the results showed that VQFN solder joints' shock resistance was the best [11] . In China, many scholars have also done a lot of board level drop test and simulation work on electronic packaging successively. Zhou Dejian and Pan Kailin carried on the theoretical analysis and dynamic simulation on reliability problems in the drop shock of Thin Fine-Pitch Ball Grid Array (TFBGA) encapsulation component [12, 13] . Qi Bo and Wang Jiaji studied the drop shock test on BGA encapsulation component, and analyzed microstructure and composition of the failure solder by SEM/EDX BGA [14, 15] . Zhu Zhenjun and Zhao Mei studied the dynamic responses of PBGA solder joints under the environment of earthquake [16] . Qin Fei and Bai Jie established three dimensional finite element models of BGA encapsulation component by finite element software ANSYS and did simulation analysis on the deformation of printed circuit board (PCB) and the stress of solder joints by the method of Input-G [17, 18] . Liu Weisheng did finite element drop simulation analysis of electronic chassis on the PCB using ANSYS/LS-DYNA, and simulated the whole process of drop shock, analyzing the drop height and cushion effect on the dynamic response of the PCB board [19] . Zhang Jie and Yang Ping studied effects of PBGA components' structure factors such as parameters and material properties on the solder joint stress by a combination of analytical method and finite element analysis [20] . Yau, Y.H, Mattila, T.T and Zhang, B. studied the dynamic mechanism of electronic devices, board under the drop impact [21] [22] [23] .
This paper uses the Input-G method to conduct shock test on PBGA packaging PCB in board level following the JEDEC (Joint Electron Device Engineering Councils) standard. The failure modes of solder joints were determined and the failure lives of the solder joints were obtained by monitoring the current voltage signal of solder joints after the shock test. The strain of each component was obtained by using dynamic data acquisition instrument monitoring dynamic strain of PCB, S-N curve and P-S-N curve of solder joints were established. The static failures of solder joint were observed through the optical microscope and the failure reason of solder joints was analyzed.
Test Design

Test Sample Design
The test sample of printed circuit board (PCB) consists of 12 PBGA packaging devices and the design is shown as Figure 1 . The real figure is shown as Figure 2 . The length, width and thickness of the PCB boards are 180 mm, 160 mm, and 2 mm individually, and the length and width of the PBGA packaging devices are both 21 mm. Each PBGA has 36 solder joints, and the diameter is 0.5 mm. The process parameters are as shown in Table 1 . drop shock of Thin Fine-Pitch Ball Grid Array (TFBGA) encapsulation component [12, 13] . Qi Bo and Wang Jiaji studied the drop shock test on BGA encapsulation component, and analyzed microstructure and composition of the failure solder by SEM/EDX BGA [14, 15] . Zhu Zhenjun and Zhao Mei studied the dynamic responses of PBGA solder joints under the environment of earthquake [16] . Qin Fei and Bai Jie established three dimensional finite element models of BGA encapsulation component by finite element software ANSYS and did simulation analysis on the deformation of printed circuit board (PCB) and the stress of solder joints by the method of Input-G [17, 18] . Liu Weisheng did finite element drop simulation analysis of electronic chassis on the PCB using ANSYS/LS-DYNA, and simulated the whole process of drop shock, analyzing the drop height and cushion effect on the dynamic response of the PCB board [19] . Zhang Jie and Yang Ping studied effects of PBGA components' structure factors such as parameters and material properties on the solder joint stress by a combination of analytical method and finite element analysis [20] . Yau, Y.H, Mattila, T.T and Zhang, B. studied the dynamic mechanism of electronic devices, board under the drop impact [21] [22] [23] . This paper uses the Input-G method to conduct shock test on PBGA packaging PCB in board level following the JEDEC (Joint Electron Device Engineering Councils) standard. The failure modes of solder joints were determined and the failure lives of the solder joints were obtained by monitoring the current voltage signal of solder joints after the shock test. The strain of each component was obtained by using dynamic data acquisition instrument monitoring dynamic strain of PCB, S-N curve and P-S-N curve of solder joints were established. The static failures of solder joint were observed through the optical microscope and the failure reason of solder joints was analyzed.
Test Design
Test Sample Design
The test sample of printed circuit board (PCB) consists of 12 PBGA packaging devices and the design is shown as Figure 1 . The real figure is shown as Figure 2 . The length, width and thickness of the PCB boards are 180 mm, 160 mm, and 2 mm individually, and the length and width of the PBGA packaging devices are both 21 mm. Each PBGA has 36 solder joints, and the diameter is 0.5 mm. The process parameters are as shown in Table 1 . When installing the PCB during the test, it is important to ensure good welding of the signal line of the PCB and line hole of corresponding substrate to ensure good welding. Then, the transfer-base-table was fixed in the shock amplifier, the samples were fixed with hexagonal stainless steel bolt, and the sensor was tightened in amplifier to ensure firm without loose. Finally, signal and sensor lines were taped respectively on the table to prevent excessive force to cause damage or fracture in the process of shock, which is shown as Figure 3 . When installing the PCB during the test, it is important to ensure good welding of the signal line of the PCB and line hole of corresponding substrate to ensure good welding. Then, the transferbase-table was fixed in the shock amplifier, the samples were fixed with hexagonal stainless steel bolt, and the sensor was tightened in amplifier to ensure firm without loose. Finally, signal and sensor lines were taped respectively on the table to prevent excessive force to cause damage or fracture in the process of shock, which is shown as Figure 3 . 
Test Loading
CL-20 impact test stand was used and the loading parameters are shown as Table 2 . 
CL-20 impact test stand was used and the loading parameters are shown as Table 2 . Figure 4 , and the formula is described as:
where A 0 is shock wave peak, and t w is shock wave pulse width. Test condition of JESD22-B110 is list as Table 3 . Here test sample No. 013, 027, 035, and 036 use condition B, namely peak acceleration is 1500 g and pulse duration is 0.5 ms, test sample No. 026, 028, 030, and 033 use condition G, the peak acceleration is 2000 g and pulse duration is 0.4 ms, test sample No. 025 and 029 used condition H, the peak acceleration is 2900 g and pulse duration is 0.3 ms.
Electronic Products' was used, and the typical shock test pulse of the standard is shown as Figure 4 , and the formula is described as:
where A0 is shock wave peak, and tw is shock wave pulse width. Test condition of JESD22-B110 is list as Table 3 . Here test sample No. 013, 027, 035, and 036 use condition B, namely peak acceleration is 1500 g and pulse duration is 0.5 ms, test sample No. 026, 028, 030, and 033 use condition G, the peak acceleration is 2000 g and pulse duration is 0.4 ms, test sample No. 025 and 029 used condition H, the peak acceleration is 2900 g and pulse duration is 0.3 ms. Table 3 . Test Condition in JESD22-B110.
Test Condition
Peak Acceleration(g) Pulse Duration(ms) The sampling frequency of high-speed dynamic data acquisition instrument for testing should be less than 50 KHZ. If a daisy chain resistance is larger than 100 Ω for the first time, the lasting time is larger than 1μs, and the same phenomenon occurs larger than 2 times in the subsequent 5 times fall, the failure is defined as a transient failure in JEDEC standard. With the increase of falling The sampling frequency of high-speed dynamic data acquisition instrument for testing should be less than 50 KH Z . If a daisy chain resistance is larger than 100 Ω for the first time, the lasting time is larger than 1µs, and the same phenomenon occurs larger than 2 times in the subsequent 5 times fall, the failure is defined as a transient failure in JEDEC standard. With the increase of falling number, the daisy chain resistance will increase, if larger than 1000 Ω, and it is defined as a static failure.
Monitoring of Test Data
In order to monitor the shock failure life of the solder joint, the real-time resistance of solder daisy chain needs to be monitored. Considering the difficulty of achieving the dynamic resistance monitoring, the real-time monitoring of solder joints can be achieved through a series of known resistance and monitoring voltage value of known resistance. Related transformation formula is shown as Equation (2).
where, R 0 is a known resistance as 150 Ω, R x is daisy chain resistance, E is the total voltage and V is voltage of R 0 . JEDEC standard shows that when the measured voltage is less than 3 V for 3 times in 5 times test, it is considered as a static failure. When the test voltage is less than 0.65 V and it is judged as a static failure. Voltage signal is acquired by Agilent U2531A high speed data acquisition system. The power output voltage value is set to 5 V. Current of Path is 0.142 A. Then real-time acquisition and data storage are done through the system software. Strain detection was collected by DH5922 dynamic data acquisition instrument. Strain gages were sticked at the side of the PCB components without elements. During the process of dropping shock, the electrical measuring method was used to study the strain changes of PCB components, that was installed horizontally and its package was installed face down. Strain gage adopts BX120-2CA resistance strain gage with the resolution is 1% µε, and the length and width of the sensitive gate are 2 mm and 1 mm, and the length and width of the base are both 7.2 mm. The strain gage, which was sticked on the side of the PCB without components, was constructed testing bridge arm through strain modulator. Figure 5 is the shock test site.
system. The power output voltage value is set to 5 V. Current of Path is 0.142 A. Then real-time acquisition and data storage are done through the system software.
Strain detection was collected by DH5922 dynamic data acquisition instrument. Strain gages were sticked at the side of the PCB components without elements. During the process of dropping shock, the electrical measuring method was used to study the strain changes of PCB components, that was installed horizontally and its package was installed face down. Strain gage adopts BX120-2CA resistance strain gage with the resolution is 1% με, and the length and width of the sensitive gate are 2 mm and 1 mm, and the length and width of the base are both 7.2 mm. The strain gage, which was sticked on the side of the PCB without components, was constructed testing bridge arm through strain modulator. Figure 5 is the shock test site. 
Test Data Analysis
Data Analysis
The monitored devices in the test are P1, P2, and P3, which are shown in Figure 1 . Partial data of the maximum values of strain, the number of first transient failures and the number of first static failures for one board in the drop shock test are shown in Table 4 . The comparison of the results are analyzed as Figure 6 . 
Test Data Analysis
Data Analysis
The monitored devices in the test are P1, P2, and P3, which are shown in Figure 1 . Partial data of the maximum values of strain, the number of first transient failures and the number of first static failures for one board in the drop shock test are shown in Table 4 . The comparison of the results are analyzed as Figure 6 . With the increase of shock loading, the stress and strain of PCB board increases, and the life of solder joint is obviously reduced. At higher stress levels, the life of the solder joints at points P2 and P3 are similar and it is difficult to capture the transient failure of the solder joints. At the same strain of the test board, the number of the first transient failure and static failure decrease gradually with the strain increasing. And because the positions of P1, P2, and P3 are gradually near to the center, the strain gradually increases. Under the low shock, the reliability of P1 is larger than P2 and P3, because the position of P2 and P3 are more closed to the center, the test board can also produce large strain under the low shock. In order to ensure the product reliability, the P2 and P3 shock resistance need to be improved. Figure 7 shows comparison of numbers of first time transient and static failures for the P1, P2, and P3, where the abscissa coordinate is the strain, the vertical coordinate is the failure times. The number of first transient failures and the number of first static failures decrease gradually with the increase of strain at the same point. When the transient failure occurs about 10 to 100 times, the static failure occurs. That is, when a certain amount of cracks occurs, the stress concentrations at the crack cause the crack propagation rate to be high, leading to the formation of large cracks, which leads to the failure of the solder joints. With the increase of shock loading, the stress and strain of PCB board increases, and the life of solder joint is obviously reduced. At higher stress levels, the life of the solder joints at points P2 and P3 are similar and it is difficult to capture the transient failure of the solder joints. At the same strain of the test board, the number of the first transient failure and static failure decrease gradually with the strain increasing. And because the positions of P1, P2, and P3 are gradually near to the center, the strain gradually increases. Under the low shock, the reliability of P1 is larger than P2 and P3, because the position of P2 and P3 are more closed to the center, the test board can also produce large strain under the low shock. In order to ensure the product reliability, the P2 and P3 shock resistance need to be improved. Figure 7 shows comparison of numbers of first time transient and static failures for the P1, P2, and P3, where the abscissa coordinate is the strain, the vertical coordinate is the failure times. The number of first transient failures and the number of first static failures decrease gradually with the increase of strain at the same point. When the transient failure occurs about 10 to 100 times, the static failure occurs. That is, when a certain amount of cracks occurs, the stress concentrations at the crack cause the crack propagation rate to be high, leading to the formation of large cracks, which leads to the failure of the solder joints. With the increase of shock loading, the stress and strain of PCB board increases, and the life of solder joint is obviously reduced. At higher stress levels, the life of the solder joints at points P2 and P3 are similar and it is difficult to capture the transient failure of the solder joints. At the same strain of the test board, the number of the first transient failure and static failure decrease gradually with the strain increasing. And because the positions of P1, P2, and P3 are gradually near to the center, the strain gradually increases. Under the low shock, the reliability of P1 is larger than P2 and P3, because the position of P2 and P3 are more closed to the center, the test board can also produce large strain under the low shock. In order to ensure the product reliability, the P2 and P3 shock resistance need to be improved. Figure 7 shows comparison of numbers of first time transient and static failures for the P1, P2, and P3, where the abscissa coordinate is the strain, the vertical coordinate is the failure times. The number of first transient failures and the number of first static failures decrease gradually with the increase of strain at the same point. When the transient failure occurs about 10 to 100 times, the static failure occurs. That is, when a certain amount of cracks occurs, the stress concentrations at the crack cause the crack propagation rate to be high, leading to the formation of large cracks, which leads to the failure of the solder joints. 
Stress-Life Analysis
The stress-life relationship of the test sample can be expressed by the following formula,
Where, a and b can be obtained by least squares fitting using Matlab software, the data σmax and N are in Table 4 , and the stress-transient failure life of the formula a = 1.7, b = −0.2173. Then the stresstransient failure life curve is shown as Figure 8 . In the stress-static failure life formula, parameters a = 1.526, b = −0.1381 and the curve is shown as Figure 9 . 
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Where, a and b can be obtained by least squares fitting using Matlab software, the data σmax and N are in Table 4 , and the stress-transient failure life of the formula a = 1.7, b = −0.2173. Then the stresstransient failure life curve is shown as Figure 8 . In the stress-static failure life formula, parameters a = 1.526, b = −0.1381 and the curve is shown as Figure 9 . It can be seen from Figures 8 and 9 that the experimental data are close to the theoretical values at high stress levels, which is similar to the fatigue properties of general materials.
Strain Energy Contrast Analysis
Strain energy density can be expressed by the following formula, It can be seen from Figures 8 and 9 that the experimental data are close to the theoretical values at high stress levels, which is similar to the fatigue properties of general materials.
Strain energy density can be expressed by the following formula,
where σ is obtained from the following equation and here E = 1.11 × 10 10 Pa, µ = 0.28.
The energy produced by all location point of all boards of the first static failure and transient failure is shown in Table 5 . The strain energy density of each solder joints during static failure is shown as Figure 10 . The total strain energy density of P1, P2, and P3 in high stress region is relatively stable. P2 and P3 are influenced by solder reflow process, so the dispersion in low stress region is larger, and the result is more concussion. But the sum of the strain energy of the PCB in the high stress region is relatively conserved.
The strain energy density of each solder joints during static failure is shown as Figure 10 The strain energy density formula can be approximated as:
Considering the influence of energy on the life, the stress-life formula and the above equation are combined and we obtain,
The data in Tables 5 and 6 are substituted into the above formula, and the parameters a = 5.234 and b = −0.4474 in the formula of strain energy density-life can be obtained by fitting and the strain energy density-life curve is shown as Figure 11 . It can be seen that the trend of strain energy density and stress on life is close. The strain energy density formula can be approximated as:
The data in Tables 5 and 6 are substituted into the above formula, and the parameters a' = 5.234 and b' = −0.4474 in the formula of strain energy density-life can be obtained by fitting and the strain energy density-life curve is shown as Figure 11 . It can be seen that the trend of strain energy density and stress on life is close. 
Solder Joint Reliability Analysis
Assuming that the reliability of solder joints obeys the Weibull distribution, and the distribution density function is:
By integrating f(t), the failure distribution function F(t) can be obtained: 
By integrating f(t), the failure distribution function F(t) can be obtained:
The original equation can be converted to:
The left side of the equation is the failure rate and lgt is the lifetime. Consider board 013, 035, 027, 036 use B test condition, board 029, 025 use H test condition, board 026, 028, 030, 033 use G test condition. Through the data fitting, the relationship between failure rate of the test board and lifetime under B and H test conditions is obtained, and it is shown in Figure 12 . When the failure rate is 63.2%, the life is the characteristic life, then transient and static characteristics life of the test conditions are shown as Table 6 . 
P-S-N Curve
Considering the experiment belonging to the small samples, the reliability of its confidence of the Probabilistic Stress-Life (P-S-N) curve need to be considered. Combined the relevant references, the fatigue life NP, Y can be expressed as following: When the failure rate is 63.2%, the life is the characteristic life, then transient and static characteristics life of the test conditions are shown as Table 6 . 
Considering the experiment belonging to the small samples, the reliability of its confidence of the Probabilistic Stress-Life (P-S-N) curve need to be considered. Combined the relevant references, the fatigue life N P,Y can be expressed as following:
Which lgN is the mean of logarithmic fatigue life; L P,Y is the single-margin factor and can be obtained through the look-up table; C V is the empirical statistics. Considering the practical requirements, the confidence γ is chosen to be 90%. This paper presents safety probability in 90%, 95%, and 99% of P-S-N curve. The selected number of samples ni is 29, for welding components, C V is 0.035, and single-sided statistical allowable coefficient table of the normal distribution shows that the values of L P,Y under 90%, 95%, and 99% safe probability are: 1.655, 2.089, and 2.896. Then transient failure PSN curve equation can be calculated by the equation 12. Figure 13 shows the transient failure P-S-N curve. By the same methods, the static failure P-S-N curve and the strain energy-lifetime P-U-N curve are required as Figure 13 . Considering the practical requirements, the confidence γ is chosen to be 90%. This paper presents safety probability in 90%, 95%, and 99% of P-S-N curve. Figure 13 shows the transient failure P-S-N curve. By the same methods, the static failure P-S-N curve and the strain energy-lifetime P-U-N curve are required as Figure 13 . From the above figures, the curves in the corresponding curve family are arranged in parallel, and the closer the curve is to the vertical axis, the higher the safety probability is.
Microscopic Analysis of Failure Solder Joints
The main means of failure analysis include metallographic analysis, SEM and light microscopy. The study found that the common failure modes of the daisy-chain circuit were found to be the Intermetallic Compound (IMC) fracture on the one side of the PCB as shown in the Figure From the above figures, the curves in the corresponding curve family are arranged in parallel, and the closer the curve is to the vertical axis, the higher the safety probability is.
The main means of failure analysis include metallographic analysis, SEM and light microscopy. The study found that the common failure modes of the daisy-chain circuit were found to be the Intermetallic Compound (IMC) fracture on the one side of the PCB as shown in the Figure 14 . The reason for this crack formation is that the surface damage is continuously diffused into the interior of the solder balls, causing local stress concentration to increase significantly and cause fracture. The figure shows a cross-sectional view of a sample of static failure solder joints under an optical microscope. From the above two figures, the failure of the solder joints often occurs in the vicinity of the outside of the daisy chain solder bumps. In the mechanical shock of drop collision, PCB produces reciprocating bend, and in the PCB bending process, the solder balls are subjected to tensile stress, and more stress concentrated near the edges. In each drop process, the corner solder balls are subjected to tensile compressions, and the performances of stress are tensile stress, compressive stress and shear stress. Thus the corner ball is mostly prone to failure, and this is consistent with experiment results.
The material of solder joints in this experiment is SnPb, and the hardness of SnPb is relatively low. Thus the cracks tend to appear inside the solder and further expand, and the entire fracture occurred in the interior of solder. Because the stress concentrates in the solder ball's hub and shroud, the failure crack is very close to the IMC layer.
Conclusions
(1) With the increase of shock loading, the stress and strain of PCB board increase, and the life of solder joint is obviously reduced. At higher stress levels, the life of the solder joints at points P2 and P3 are close to each other and it is difficult to capture the transient failure of the solder joints.
(2) At the same strain of the test board, the number of the first transient failure and static failure decrease gradually with the strain increasing. And because the position of P1, P2, and P3 increase gradually to the center, so the strain gradually increases. Under the low shock, the reliability of P1 is better.
(3) The number of first transient failures and the number of first static failures decrease gradually with the increase of strain at the same point. When the transient failure occurs about 100 times, the static failure occurs.
(4) The total strain energy density of P1, P2, and P3 in high stress region is relatively stable. P2 and P3 are influenced by solder reflow process, so the dispersion in low stress region is larger, and the result is more concussion. But the sum of the strain energy of the PCB in the high stress region is relatively conserved.
(5) The failure of the solder joints often occurs in the vicinity of the outside of the daisy chain solder bumps. Because the stress concentrates in the solder ball's hub and shroud, the failure crack From the above two figures, the failure of the solder joints often occurs in the vicinity of the outside of the daisy chain solder bumps. In the mechanical shock of drop collision, PCB produces reciprocating bend, and in the PCB bending process, the solder balls are subjected to tensile stress, and more stress concentrated near the edges. In each drop process, the corner solder balls are subjected to tensile compressions, and the performances of stress are tensile stress, compressive stress and shear stress. Thus the corner ball is mostly prone to failure, and this is consistent with experiment results.
(5) The failure of the solder joints often occurs in the vicinity of the outside of the daisy chain solder bumps. Because the stress concentrates in the solder ball's hub and shroud, the failure crack is very close to IMC layer.
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